Hot metal production Pellet a b s t r a c t This paper describes the development of statistical models to predict charcoal consumption in blast furnaces based on Response Surface Models (RSM) and Linear Regression Models (LRM). The statistical approach used provides a high level of confidence and allows the company to act preemptively fostering innovative business and in the action plan to reduce hot metal production cost, to improve raw materials processing and other actions in order to provide the blast furnaces with raw materials at minimal cost. It is a special particularity and represents a great step in V & M do Brasil blast furnaces' operation which no longer uses standard ferrous load and started to operate with greater flexibility and variability concerning the types of ferrous load applied to achieve better economic results.
Introduction
The main objective of a blast furnace is to reduce chemically and convert physically iron oxides into liquid iron, which is called hot metal. Hot metal manufacturing process consumes about 70% of the entire energy of steel manufacturing integrated route. Besides, social and industrial needs for iron and steel, high prices of raw materials and reducing agents have also increased the necessity to model and control this complex process in order to increase productivity and reduce costs. However, internal phenomena of hot metal manufacturing are extremely challenging for human mind. This is due to several reasons, such as high temperatures and pressure; various phases occurring simultaneously and their interactions; time, mass and energetic exchanges, which hinder direct measurements of many variables in the blast furnace [1] . In order to obtain suitable conditions for thermal control, permeability and hearth exhaustion, to promote an efficient and steady operation, with high productivity and low consumption of reducers, it is essential to acquire information about control parameters through metering equipment or, in some cases, through the development of mathematical [2, 3] , statistical [1, [4] [5] [6] [7] [8] [9] , thermodynamical [1, 10] , kinetic [11] models, among others [12] [13] [14] [15] [16] . Este é um artigo Open Access sob a licença de CC BY-NC-ND Este é um artigo Open Access sob a licença de CC BY-NC-ND An important statistical model is known as "Flint Formula," an algebraic expression that allows the correlation between carbon specific consumption (coke-rate) and a large number of process variables of hot metal manufacturing in blast furnace [4] . Due to large variations in process and raw materials qualities of charcoal blast furnaces, no statistical model has ever been applied [12] . A similar attempt to apply "Flint Formula" to charcoal blast furnaces of non-integrated plants was made in 1990 [6] . Taking into account the low process stability, and the lack of reliability on measured operational data, it was not possible to establish a correlation of process variables with the specific carbon consumption of the charcoal blast furnaces from these plants. Other statistical models were implemented in coke blast furnaces, for example, the correlation developed in 1991 [17] , which related a smaller number of variables than that of "Flint Formula". Probably, the referential blast furnace in this study had very stable operation, with little variation in the process, hence the efficiency for the specific carbon consumption calculation.
Since 2008, V & M do Brasil has been carrying out studies to reduce hot metal production cost, using historical data on raw materials consumption and hot metal production in the blast furnaces. Afterwards, these data are turned into information that can be used to evaluate production cost and achieve better planning and results for the company.
Materials and methods
V & M do Brasil hot metal is basically produced by employing iron ore, pellet and charcoal. The plant is equipped with two blast furnaces: Blast Furnace 1, with a volume of 505 m 3 , and Blast Furnace 2, with 249 m 3 . The maximum production capacity of both blast furnaces is 600,000 t/year. On average the percentage of pellet used in the blast furnaces' mix varies from 25 to 60%, and the average injection rate of charcoal fines is 170 kg/t hot metal. The high uncertainty of physical and chemical features of charcoal, the use of iron ore with significant heterogeneity, the great influence of the climate on quality and uncertainties of raw materials sampling hinder the use of thermochemical models. While this variability is to be minimized with the use of better technologies of carbonization and resources for raw materials processing, it is necessary to use statistical tools [18] .
Projects using Six Sigma methodology were developed in V & M do Brasil to quantify and reduce the variability of charcoal and iron ore sampling process in order to obtain more reliable results. Through these studies, it was estimated that about 20% of the total variability of these materials is due to sampling procedures (collection, preparation and analysis).
Charcoal, iron ore and pellet that fuel V & M do Brasil blast furnaces are routinely assessed in terms of moisture, particle size, chemical compositions, and then quality improvement is carried out. Iron ore is beneficiated at the processing plant where firstly homogeneous piles are made; secondly, iron ore is dried; finally, it is screened to remove fines. And charcoal is also screened to remove fines; the thick remaining part is sorted into two ranges of particle size [19] .
The database used to construct the models consists of daily real information about consumption in both blast furnaces, chemical and physical quality results of charcoal, iron ore and pellet, from May 2003 to December 2011. During data processing, the "outliers" were excluded, which are the days when there were shutdowns or reconnection blast furnaces, since these could interfere in the adequacy of the fitted models.
The statistical approaches used to model and analyze the data were Response Surface Models (RSM) and Linear Regression Models (LRM), chosen because they are useful in applications where the interest response, in this case charcoal consumption (kg/t of hot metal), is influenced by many variables (or factors) and the objective is to optimize this response [20] . Given the fact that, V & M do Brasil has two blast furnaces with very different characteristics, it is necessary to work with information from each blast furnace and adjust specific models for each of them.
The shape of a surface response is viewed by threedimensional graphics known as contour plots or contour lines. In most RSM problems, it is unknown how the relationship is between response and independent variables. Therefore, the first step is to identify a more accurate approximation of this relationship. A low degree polynomial is generally used if the response variable is well modeled by a linear function of variables. Then the approximation function will be the first-order model:
where y = response; x = variables (or factors), ˇ = regression coefficients and ε = errors with normal distribution, mean 0 and standard deviation . If there is curvature, then a higher degree polynomial has to be used as the second-order model:
In order to estimate beta coefficients, Least Squares Method [20] is applied, which is the same method used to estimate regression coefficients in Multiple Linear Regression Models.
Blast furnaces' consumption parameters used in the fitted models are summarized in Table 1 .
Data were grouped into sets according to the ferrous load composition, i.e. into groups of days with similar percentages of ferrous load consumption (% of each type of iron ore and % of pellet). In total, 88 different sets were defined for Blast Furnace 1 and 147 different sets for Blast Furnace 2.
Averages and standard deviations of parameters response and variables were obtained for each set regarding the rainy season (January, February, March, November and December) and the dry season (April, May, June, July, August, September and October). For each set there was also an addition of quality parameters, which are the average charcoal quality results: fixed carbon (%), ash (%), moisture (%), fines less than 10 mm (%), average particle size (mm). For the total ferrous load the parameters are: iron (%), alumina (%) and silica (%).
RSM were constructed for each blast furnace for the rainy and dry seasons using MINITAB statistical software, considering single, quadratic and interactional effects of variables listed in Table 1 along with quality parameters of charcoal and the ferrous load. Therefore, it was considered a significance level of 10% in hypothesis tests for beta coefficients to determine whether a parameter was significant or not and whether it should remain or be removed from the model. Once the best model for each blast furnace is defined, with the highest multiple determination coefficient R 2 , which is used as a measure to fit the model [20] , the next step was to prepare contour plots considering both parameters variation (x-and y-axes) and fixing the others, based on actual values already used in the blast furnaces. The response "charcoal consumption" is visually differentiated by colors in the contour plots and measured in values ranges.
In order to facilitate the use of information from the contour plots, the midpoint of each graph was used to develop LRM. Firstly, models were developed to predict the percentage of pellet according to daily production (t) of hot metal. Then, models were developed to predict charcoal consumption (kg/t of hot metal) in relation to percentage of pellet used in total ferrous load.
3.
Results and discussion
RSM
The best fitted RSM, considering only significant effects at a significance level of 10%, showed R 2 of 88.3% and 87.1% for Blast Furnace 1, in the rainy and dry seasons, respectively; and 76.2% and 70.0% for Blast Furnace 2, in the rainy and dry seasons, respectively. Models residuals were analyzed and complied with the requirements of normal distribution, mean around zero and constant variance, as required by the statistical model.
Contour plots
Contour plots, as shown in Fig. 1 , have been prepared considering the x-axis "Pellet (%) used in the ferrous load" and the y-axis "Iron (%) used in ferrous load". The response "Top charcoal consumption," is visually differentiated in the contours and is represented in percentage in relation to "Total charcoal consumption (top + injection + loss)."
Top charcoal consumption (%) during rainy season -Blast furnace 1 67,0 In order to construct a contour plot as demonstrated in Fig. 1 , the x-and y-axes must contemplate actual value ranges of operation and the other RSM parameters must be established. For instance, 800 t/day to produce hot metal in Blast Furnace 1, during the rainy season, it is possible to use from 40 to 70% of pellet, while iron content in the total ferrous load might range from 63 to 67%. The established values for the other model parameters were: injection rate of 180 kg/t, fixed carbon of 75.7% and charcoal particle size of 34.8 mm. For these values, the plot shows that the higher the percentage of pellet and the iron content in the ferrous load are, the lower the top charcoal consumption is. Considering percentages in relation to total charcoal consumption, which is the sum of top, injection and loss, the top consumption in this example ranges from 55% to 81% in relation to total consumption. These curves allow the company to estimate immediate costs and they are strategically used in front of offers and market opportunities of pellet and iron ore with immediate financial return in order to achieve better economic results.
LRM
In order to facilitate the use of information from the contour plots before providing with the monthly and annual planning of hot metal production and the consumption of ferrous load and charcoal in blast furnaces, all midpoints of several contour plots were collected to develop LRM. 1050  1100  1150  1200  1250  1300  1350  1400  1450  1500  1550  1600  1650  1700  1750  1800  1850  1900  1950  2000  2050  2100  2150 Based on blast furnaces daily production plan, the first step is to determine the percentage of pellet to be used in the blast furnaces. LRM were developed as in Fig. 2 , which shows the existence of a significant positive correlation (R 2 = 97.8%) between hot metal daily production (t) and the percentage of pellet to be used in ferrous load. To put it in a general way, the higher the production, higher will be the percentage of pellet to be used in the blast furnace.
Once the percentage of pellet in the ferrous load is defined, the next step is to estimate charcoal consumption. Fig. 3 illustrates the developed models per season, rainy and dry, which estimate top charcoal consumption (% in relation to total charcoal consumption) based on the percentage of pellet used in the blast furnaces ferrous load.
Highly accurate developed models have been used to set targets for the consumption of charcoal and ferrous load since January 2012. The average difference between actual charcoal consumption in 2012 and the estimate given by the models is 1.04%.
Conclusions
The statistical approaches used, RSM and LRM, are in the domain of technical and scientific community. However, the application of these approaches seeking the development of a model to estimate charcoal consumption in blast furnace, using hot metal production historical data and ferrous loads consumption has never been done before. In addition, developed models are highly accurate, so the company is able to act preemptively fostering innovative business and in the action plan to reduce hot metal production cost, to improve raw materials processing and other actions in order to provide the blast furnaces with raw materials at minimal cost. Meanwhile the development of new charcoal manufacturing technologies to improve the quality and homogeneity of charcoal is still in progress.
In conclusion, the work developed pioneered the use of statistical approach in charcoal blast furnaces, and it is a great step in blast furnace operation, with special particularity for V & M do Brasil blast furnaces' operation, which no longer uses standard ferrous load and started to operate with greater flexibility and variability concerning the types of ferrous load applied to achieve better economic results.
